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LOWER SURVIVAL PROBABILITIES FOR ADULT FLORIDA MANATEES

IN YEARS WITH INTENSE COASTAL STORMS
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Room 250, Gainesville, Florida 32601-3701 USA

Abstract. The endangered Florida manatee (Trichechus manatus latirostris) inhabits
the subtropical waters of the southeastern United States, where hurricanes are a regular
occurrence. Using mark—resighting statistical models, we analyzed 19 years of photo-iden-
tification data and detected significant annual variation in adult survival for a subpopulation
in northwest Florida where human impact islow. That variation coincided with years when
intense hurricanes (Category 3 or greater on the Saffir-Simpson Hurricane Scale) and a
major winter storm occurred in the northern Gulf of Mexico. Mean survival probability
during years with no or low intensity storms was 0.972 (approximate 95% confidence
interval = 0.961-0.980) but dropped to 0.936 (0.864—0.971) in 1985 with Hurricanes Elena,
Kate, and Juan; to 0.909 (0.837-0.951) in 1993 with the March ‘* Storm of the Century’’;
and to 0.817 (0.735-0.878) in 1995 with Hurricanes Opal, Erin, and Allison. These drops
in survival probability were not catastrophic in magnitude and were detected because of
the use of state-of-the-art statistical techniques and the quality of the data. Because indi-
viduals of this small population range extensively along the north Gulf coast of Florida, it
was possible to resolve storm effects on a regional scale rather than the site-specific local
scale common to studies of more sedentary species. This is the first empirical evidence in
support of storm effects on manatee survival and suggests a cause—effect relationship. The
decreases in survival could be due to direct mortality, indirect mortality, and/or emigration
from the region as a consequence of storms. Future impacts to the population by a single
catastrophic hurricane, or series of smaller hurricanes, could increase the probability of
extinction. With the advent in 1995 of anew 25- to 50-yr cycle of greater hurricane activity,
and longer term change possible with global climate change, it becomes all the more
important to reduce mortality and injury from boats and other human causes and control

the loss of foraging habitat to coastal development.
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INTRODUCTION

Ecosystems can be shaped by periodic disturbance
from hurricanes and intense storms, which can alter
population, community, and ecosystem processes.
Much is known about hurricane effects on terrestrial
vegetation structure and forest ecosystem processes
(Boose et al. 1994, Foster et al. 1997, Cooper-Ellis et
al. 1999), but limited information isavailable on animal
populations. Due to the complex interactions of species
and habitats, storm effects on animal populations can
have important consequences for how habitats and eco-
systems respond and recover (Michener et al. 1997).
Individuals and populations, however, are differentially
affected by hurricanes. Individuals can be killed out-
right, displaced great distances by a storm, or suffer
delayed effects to health and reproduction due to com-
munity or ecosystem changes. Some populations may
be able to take advantage of the disturbance to increase
their numbers or outcompete other species, others may
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be minimally affected and recover quickly, whileothers
may be impacted substantially. Dispersal ability, pop-
ulation size, life-history strategies, species-specific be-
haviors to cope with intense storms and their conse-
quences, community dynamics, and damage to food
resources or habitat critical to breeding are some of the
factors determining impact (Waide 1991, Michener et
al. 1997, Spiller et al. 1998).

Understanding how animal populations respond to
hurricanes generally has been limited by alack of crit-
ical pre-hurricane data necessary to make post-storm
comparisons. Controlled experiments simulating hur-
ricane effects are often precluded for larger vertebrates
by their mobility (Tanner et al. 1991). Here we present
the first empirical evidence for storm effects on adult
survival for a large marine mammal, the Florida man-
atee (Trichechus manatus latirostris). New mark-re-
sighting statistical models now give us the tools to
examine annual variation in survival probabilities and
to test for effects from environmental factors (L ebreton
et a. 1992, Nichols 1992). We previously used these
techniques to provide the first estimates of annual sur-
vival probabilities for wild, free-ranging manatees us-
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ing photo-identification data of naturally marked in-
dividuals that return in winter to warm-water refuges
(O’ Shea and Langtimm 1995, Langtimm et al. 1998).
For a subpopulation along the north Gulf coast of Flor-
ida, we reported high annual estimates of adult survival
with negligible annual variation from 1982 through
1993 (Langtimm et al. 1998). Thisresult was consistent
with the small amount of coastal development in the
region, few documented deaths, and expectations based
on life-history theory for large, long-lived mammals
in a stable environment. However, with six additional
years of data (through 1999), we detected significant
annual variation with lower survival during years with
major storm activity.

Identifying and understanding hurricane effects for
this species and others is critical for short- and long-
term planning by researchers, managers, and policy
makers. In 1995, meteorology researchersidentified the
beginning of a new dangerous cycle of increased hur-
ricane activity and intensity, which is expected to con-
tinue for the next 25-50 yr (Landsea et al. 1996). Ear-
lier (1970 to 1994), the Atlantic basin enjoyed a nat-
urally occurring cycle of mild activity (Gray 1990,
Landsea 1993, Landsea et al. 1996) with relatively few
land strikes by intense hurricanes. The last seven years
of storm data support the predicted long-term increase
in major hurricanes (Gray et al. 2001). Longer term
changes, beyond this known multi-decade cyclical re-
gime, are possible as well with expected global climate
change (McCarthy et al. 2001).

METHODS

Ecology of the Florida manatee and the study
population in northwest Florida

The Florida manatee inhabits the subtropical waters
of the southeastern United States, feeding on seagrass
and freshwater vegetation (Hartman 1979). The sub-
speciesisendangered primarily dueto small population
size, threats to its habitat, and mortality from boat
strikes and other human activity (O’ Shea et al. 1985,
Ackerman et al. 1995). It is protected under the U.S.
Endangered Species Act of 1973, the U.S. Marine
Mammal Protection Act of 1972, the Florida Endan-
gered and Threatened Species Act of 1977, and the
Florida Manatee Sanctuary Act of 1978. Natural mor-
tality events occur periodically from cold stress during
extended cold weather (Buergelt et al. 1984) and from
toxins inhaled or ingested during red tide blooms
(O’'Shea et al. 1991, Bossart et al. 1998). Previously,
mortality events from hurricanes had only been hy-
pothesized for the Florida manatee (Marmontel et al.
1997) based on the stranding of asingleindividual near
Miami during Hurricane Andrew and the mass strand-
ings of dugongs (Old World relatives of manatees) by
cyclones in Australia (Marsh 1989) and India (Jones
1967). Indirect mortality from starvation also was hy-
pothesized with documented periodic hurricane de-
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struction of itsfood base: seagrass beds (Eleuterius and
Miller 1976) and freshwater aquatic vegetation (Ma-
taraza et al. 1999). Similar cyclone destruction of sea-
grass beds in Australia has resulted in shifts in dugong
feeding areas and starvation and death (Heinsohn and
Spain 1974, Preen and Marsh 1995).

Manatees occur near shore in estuarine or freshwater
habitats. The distribution of manatees in northwest
Florida (Powell and Rathbun 1984, Rathbun et al.
1990), and throughout the state, varies seasonally with
changes in temperature. In warm months (May through
September), the greatest concentrations in northwest
Florida occur in the lower Suwannee River and its es-
tuary (Fig. 1). Individuals also frequent the Wakulla,
Withlacoochee, Crystal, Homosassa, and Chassahow-
itzka Rivers, the Cross Florida Barge Canal, and the
estuaries of smaller rivers. Manatees are not seen in
abundance south of the ChassahowitzkaRiver to Tampa
Bay. There are few documented movements between
the northwest and southwest subpopulations.

Because manatees are physiologically stressed in
cool temperatures (Irvine 1983), during the winter
months (November to February) the range contracts
and manatees throughout the northwest region con-
verge primarily on two artesian-spring, warm-water
refuges near the northern limit of the species’ range:
the Crystal and Homosassa Rivers (Powell and Rathbun
1984, Rathbun et al. 1990). With the large number of
manatees present and the clear water conditions, these
rivers have been the focus of manatee research since
the late 1960s (Hartman 1979, O’ Shea et al. 1995).

Compared to other areas of the state, manatees in
this region are less affected by human activities. There
are large areas of relatively pristine habitat (Powell and
Rathbun 1984), the level of enforcement of boating and
diving regulations at the aggregation sites has been
high, and the number of known deaths due to boat
strikes and other human-related factors has been low
(O’'Shea et al. 1985, Ackerman et al. 1995). Recent
estimates of annual adult survival probabilities were
higher in this region than on the more developed At-
lantic coast (Langtimm et al. 1998). Analysis of trends
in aerial survey counts (Rathbun et al. 1990, Ackerman
1995) and population models incorporating estimates
of reproduction and survival rates (Eberhardt and
O’ Shea 1995) show that this subpopulation has in-
creased since the 1960s.

Data collection and construction of capture histories

A longitudinal study of individuals recognizable by
unique scar patterns was begun in the late 1970s (Rath-
bun et al. 1990). Manatees often acquire distinctive
marksin thewild from natural and human-related caus-
es (Fig. 2). Boat-inflicted injuries, fishing line entan-
glements, and lesions from fungal infections and cold
damage can all leave permanent scars and mutilations
after they heal. Since 1978, the Sirenia Project (now
under the U.S. Geological Survey) has annually pho-
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Map of the study region. On the map showing the enlarged area of northwest region of Florida, sites are numbered

as follows: (1) Suwannee River, (2) Cedar Key, (3) Withlacoochee River, (4) Cross Florida Barge Canal, (5) Crystal River,
(6) Homosassa River, (7) Chassahowitzka River, and (8) site of 1993 manatee stranding from storm surge.

tographed and documented sightings of scarred indi-
viduals at the winter sites. Slide transparencies were
taken with underwater cameras fitted with awide-angle
lens as photographers swam near the manatees. Pho-
tographs were screened yearly for matches with indi-
viduals entered in a photo-catalog, the Manatee Indi-
vidual Photo-identification System. Digitized images
and PC-based search technologies were used to assist
researchers in matching photographs to cataloged in-
dividuals. To be included in the catalog, an individual
had to have healed scars or natural features that were
unique and easily recognized, and there had to be com-
plete documentation of the dorsal and lateral views of
its body and tail, including those parts without scars.
Beck and Reid (1995) described the system and the
protocols used to catalog individuals, collect data, and
match sightings to cataloged animals.

We believe identification error rate was low and did
not bias estimates. We used strict, conservative pro-
tocols to catalog animals and to accept data, and the
possibility of misidentifications was reduced further by
several factors inherent to the identification system.
Clear water, the close proximity of photographers to
the animals (1-3 m), and the general tolerance of man-
atees to being approached, allowed the documentation
of details of features. Only healed features were used

as marks, and there was redundancy in identification
information in that nearly all cataloged individuals had
multiple scars and features distributed over more than
one part of the body. Documentation of newly acquired
scars or changes in marking patterns was facilitated by
the high return rate of individual manatees each year
to the monitored sites (photo-identification data: Rath-
bun et al. 1990, 1995, Reid et al. 1991, radiotelemetry
data: Rathbun et al. 1990) and consistent monitoring
of these sites by the same experienced observers. The
most likely source of misidentification would have
been from losses or changes of original marks, resulting
in an underestimation of survival probabilities (Arna-
son and Mills 1981).

Manatees were photographed at all times of the year,
but for the analysis, we defined a narrower sample in-
terval of 120 d (1 November through 28 February)
when manatees were most readily photographed. Gen-
erally, in mark—recapture analysis of this kind, the as-
sumption of equal probability of survival and capture
among individuals requires the sample interval to be
small compared to the interval between samples (Pol-
lock et al. 1990:18-19). Survival probabilities are es-
timated for the time between the annual samples. Sight-
ings of adults only were included in the analysis. Each
sighting history consisted of the sighting (1) or non-



260

FiG. 2. Photograph of a scarred manatee cataloged in the
sighting database.

sighting (0) of the individual at least once during the
winter samples for each year of the study. A full dis-
cussion of the criteriafor constructing the sighting his-
tories was given in Langtimm et al. (1998). The final
dataset consisted of the sighting histories of 311 ani-
mals (168 males and 143 females) from winter 1980—
1981 through winter 1998-1999. A summary of the
time spans over which each individual was monitored
is presented in Fig. 3.

30
25
20
15

10

No. individuals

Span of years sighted
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Mark—resighting modeling procedures

We used Program MARK (White and Burnham
1999) to model variation in survival and sighting prob-
abilities and to estimate these probabilities under the
various models. Our modeling philosophy followed
that outlined by Lebreton et al. (1992). We started with
the general Cormack-Jolly-Seber model (b, pst) [NO-
tation for models follows Lebreton et al. 1992], allow-
ing survival (¢) and sighting probabilities (p) to vary
with sex (s) and time (t). We assessed the goodness-
of-fit (GOF) of the data to this global model using
Program RELEASE (Burnham et al. 1987), available
within Program MARK. We then constructed additional
models by successively removing variation from the
previous model based on specific biological hypothe-
ses. Our previous analyses for the region (O’ Shea and
Langtimm 1995, Langtimm et al. 1998) found no dif-
ferences in survival and sighting probabilities between
the sexes, significant annual variation in sighting prob-
abilities, and negligible variation in survival probabil-
ities among years (i.e., essentially constant). Because
the annual counts of dead manatees from the Manatee
Carcass Recovery Program were low and relatively
constant from this region, we hypothesized that the
same patterns of variation would hold for thisanalysis;
therefore, we initially utilized the same modeling
scheme we employed previously. Subsequently, the
analysis led us to the development of an additional
hypothesis (see Results) that major coastal storms had
an effect on annual adult survival probabilities. After
testing this hypothesis with data from the National Hur-
ricane Center, we constructed a covariate model in
which survival probabilities varied in association with
the years when the region experienced major storms.

We chose the best model based on Akaike's Infor-
mation Criteria (AlCc, Anderson et al. 1998, Burnham
and Anderson 1998). AlCc is an information-theoretic
method that assists the researcher in identifying the
most parsimonious model with enough parameters to
account for the structure of the data without over-
parameterization and loss in precision (Burnham and

Fic. 3. Summary of the time spans for the
individual sighting histories. The mean annual
sighting probability estimated for the group was
0.713.
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Anderson 1998). Lower AICc values indicate a more
parsimonious model. Normalized Akaike weights were
used to evaluate the expected likelihood of a given
model relative to all the other constructed models
(Burnham and Anderson 1998). To further evaluate the
fit of the data to the storm covariate model in contrast
to our other models, we used an analysis of deviance
(ANODEV). ANODEV is analogous to an analysis of
variance (ANOVA). It partitions differences between
the various models' log likelihoods, whereas ANOVA
partitions differences between the models’ sums of
squares. ANODEYV tests for a significant ‘*‘treatment””’
effect explained by the environmental covariate (Skal-
ski et al. 1993). The best model was then used to obtain
maximume-likelihood estimates of annual survival
probabilities, sighting probabilities, and approximate
95% confidence intervals (95% ci).

Storm data

Data on timing, strength, and tracks of hurricanes
were made available by the National Hurricane Center
and National Climatic Data Center (NOAA) and were
accessed on the World Wide Web (2 September 1999).2
The Saffir-Simpson Hurricane Scale was used by these
centersto report the relative intensity of each hurricane
and is based on wind speed, barometric pressure, and
storm surge. Storms are categorized as ‘‘tropical
storms”’ when wind speeds are low and damage is mi-
nor. As the storm intensifies, it can progress from a
minor Category 1 hurricane to an extremely strong Cat-
egory 5. The scale was designed to estimate the po-
tential land damage of a hurricane to the human pop-
ulation (Williams and Duedall 1997) and may not be
the most appropriate to assess threats to manatees. Nev-
ertheless, it is widely reported in public weather fore-
casts and provides a familiar index of storm intensity.

Data on the March 1993 winter storm were available
inareport from the National Climatic Data Center (Lott
1993). Winter storms generally are not rated on the
Saffir-Simpson Hurricane Scale, but comparisons with
the scale based on barometric pressure and storm surge
heights were reported by Lott (1993). We used the scale
as well to make comparison easier with the summer
cyclonic storms.

REsULTS

The general model fits the data satisfactorily for both
sexes (Program RELEASE TEST2 + TEST3, males:
GOF x? = 70.57, df = 55, P = 0.08; females: GOF x?
= 34.24, df = 52, P =0.97; total: GOF x? = 104.82,
df = 107, P = 0.54). Based on AlCc values calcul ated
for our preplanned models (Table 1), our hypotheses
concerning no sex-specific differences in survival (¢,

P VS. ¢, p) or capture probabilities (dbg; Pst VS Gt P
were supported. However, contrary to our earlier anal-

2 URL:
html)

(http://weather.unisys.com/hurricane/atlantic/index.
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TaBLE 1. Comparison of fit for the preplanned survival
models.

No.
AIC, para-
Model AIC, AAIC, weight meters Deviance
b py 3838.882 0.00 0.93376 33 2352.469
consant i 3844.174 5.29 0.06624 18 2388.574
bsi Py 3862.169 23.29 0.00001 50 2340.249
bot Pst 3884.068 45.19 0.00000 66 2328.146

Notes: Models were constructed by successively removing
variation (reducing the number of parameters) from the more
general model beginning with the global model ¢ ps,. Model
notations indicate variation in survival (¢) and capture (p)
probabilities by time (t), sex (s), or negligible over time (con-
stant). Models are ranked according to lowest AIC. (Akaike
Information Criterion). The best model is in bold. Deviance
is a relative measure of fit. AAIC, is the difference in AIC,
values between the given model and the model with thelowest
AlC..

ysis (Langtimm et al. 1998), the AlCc values strongly
rejected the constant annual survival model in support
of the model in which survival probabilities varied
among years. The normalized AlICc weight for the
time-dependent model (b, p) was 0.934 compared to
only 0.066 for the constant survival model (b ggngant PY)-

This variation was unexpected, and we examined the
annual survival estimates (Fig. 4) in search of apattern.
We |looked for any point estimates below 0.95 (thiswas
the lower bound of the approximate 95% confidence
interval in our earlier analysis[Langtimm et al. 1998]).
Three years showed dips in apparent survival below
0.95: 1985, 1993, and 1995. Two of the years, 1985
and 1993, were years in which surges from major
storms had inundated the headwaters of Crystal River
with saltwater and killed freshwater aquatic vegetation
(Mataraza et al. 1999). However, no storm surge oc-
curred at Crystal River in 1995, the year with the lowest
estimated survival probability. Manatees that overwin-
ter at Crystal River range throughout the northern Gulf
coast at other times of the year. Strong storms in the
region could directly impact a significant portion of the
population even if the Crystal River area did not take
adirect hit. If storms did impact survival, we hypoth-
esized that we would find an association of storm oc-
currences with survival probabilities. To test this we
examined the annual storm tracks plotted by the Na-
tional Climatic Data Center. We expected to find at | east
one large, high-intensity storm during each of the three
years with lower estimated survival and none or only
low-intensity storms during the remaining years of
higher survival estimates.

We tallied the number of stormstracking through the
Gulf of Mexico in arectangle defined at the northwest
corner by New Orleans, Louisiana (30.0° N, 90.1° W),
to Clearwater, Florida (28.0° N, 82.8° W) at the south-
east corner (Fig. 1) and confirmed our hypothesis. No
storms, or only minor tropical storms and Category 1
hurricanes occurred in the years with high estimated
survival probabilities. However, during the three years
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with lower survival probabilities, strong storms clas-
sified as Category 3 and 4 on the Saffir-Simpson Hur-
ricane Scale, in addition to minor hurricanes or tropical
storms, had made landfall or skirted the north Gulf
coast: Hurricanes Elena (Category 3), Kate (Category
3), and Juan in 1985 (Case 1986) (Fig. 5a), the March
“Storm of the Century’” (Category 3) in 1993 (Lott
1993) (Fig. 5b), and Hurricanes Opal (Category 4),
Erin, Allison, and Tropical Storm Jerry in 1995 (Lawr-
ence et al. 1998) (Fig. 6).

Because we were interested in accurately estimating
survival probabilities and associated variance, we
sought the best model to calcul ate the estimates. There-
fore, after the results of the storm track analysis, we
constructed one additional post hoc model that included
a covariate with storm years. Years without major
storms were constrained as constant among years
(based on the results of Langtimm et al. 1998), while
each storm year was allowed to vary independently
from the other years. We did not constrain the storm
years to the same survival probability, as the number,
intensity, and location of storms varied each year and
most likely would have impacted survival differently.

The low AlCc value and normalized AlCc weights
strongly supported the storm covariate model (bgom P
with a weight of 0.99961 as compared to 0.00036 for
the time-dependent model (¢, p,), the best preplanned
model (Table 2). The storm covariate model was also
supported by a highly significant ANODEV (Table 3).

The annual apparent survival estimates under the
storm model are presented in Table 4. The magnitude
of the storm effect varied among the different storm
years, with the largest drop in apparent survival oc-
curring in 1995 when Hurricane Opal and three lesser
storms impacted the region. The estimated mean annual
sighting probability under the storm covariate model
was 0.713 (95% cI = 0.689-0.735).

1995
1996
1997

DiscussioN

Our analysis identified three years in which survival
probabilities dropped below the essentially constant
probabilities normally experienced by adults during the
19-yr study. Because human impact is generally low
in the region and no increases in deaths from boats
were documented, the sudden decreases most likely
were due to natural or unusua causes. No red-tide
blooms or extended cold spells occurred during years
with low survival, and we knew of no events that af-
fected habitat quality resulting in the movement of in-
dividuals out of the region. Rather, the highly signifi-
cant ANODEV for the storm covariate model showed
a strong association of lower survival with intense
storms. It is extremely improbable that this association
occurred by chance alone over the 19-yr period and
strongly supports a cause—effect relationship. Further
research is needed, but as major storms will continue
to strike northwest Florida, we should be ableto predict
and test for storm-related changesin survival in amore
definitive study. Thisisthe first empirical evidence for
storm effects on manatee survival. Even though there
were no catastrophic die-offs, we were successful in
detecting smaller magnitude effectsfromrelatively rare
storms by monitoring known individuals over a long
period of time with state-of-the-art analytical tech-
niques. Because individuals of this small population
range extensively along the north Gulf coast, it was
possible to resolve storm effects on a larger regional
scal e than the site-specific local scale common to stud-
ies of more sedentary species.

The mechanisms responsible for the lower survival
probabilities are unknown. Somehow, storms prevented
the return of marked individuals to the winter sites
either as a consequence of death or voluntary or forced
emigration from the study area. At least four processes
in a storm as described by Simpson and Riehl (1981)
could be responsible: (1) storm surges, which push sea
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Fic. 5. Tracks of the major storms affecting the study area in (a) 1985 and (b) 1993. Abbreviations are: FL, Florida;

GA, Georgia; AL, Alabama; MS, Mississippi; LA, Louisiana; Cat., category.
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water and objects in its path high onto shores and into
estuaries and rivers; (2) high-energy waves generated
by high winds, which increase the storm tide and pro-
duce large swells and breaking waves; (3) strong long-
shore currents running parallel to the shore; and (4)
cooled surface waters, which follow in the wake of a
hurricane and can persist for days.

Manatees could be killed outright by any of these
processes. Stranding in a storm surge may be most
likely, and although drowning seems a remote possi-
bility for a marine mammal, blunt injury from debris
in turbulent water could result in death. Indirect death
isalso possible. Animals could become disoriented and
either swim or get swept out to sea. Unless they find
their way back they would die from lack of food and/
or freshwater. The orientation and navigational skills
of manatees are untested, and unfamiliar waves, cur-
rents, and debris could obscure navigation cues; ex-
haustion and debilitating cold water could dull the sens-
es and the integration of information. Death from cold
stress in the colder waters following hurricanes could
be possible if late in the fall, as ambient temperatures
remained cold.

Mortality, however, may not be the only process op-
erating. Individuals may be alive, but gone from the
study area. They could voluntarily leave if the food
base is degraded or destroyed, as has been documented
with dugongs and seagrasses in Australia (Heinsohn
and Spain 1974, Preen and Marsh 1995), or they could
be forced from the area if caught in longshore currents

pushing them south or west. M ark—resighting statistical
models cannot discern true mortality from permanent
emigration, although additional monitoring can docu-
ment the eventual return of displaced individuals.
Little information and data are available to evaluate
these mechanisms, primarily because of contingency,
remoteness, and post-storm priorities on human impact.
Only two live-stranded manatees in heavily populated
areas were found and rescued after past storms: onein
1993 in Hernando County after the March Storm of the
Century and the other in 1992 near Miami after Hur-
ricane Andrew (C. A. Beck, personal observation). The
Manatee Carcass Recovery Program has not reported

TABLE 2. Comparison of fit for the storm covariate model
and the preplanned survival models.

NO.
AIC, para-

Model AlIC, AAIC, weight meters Deviance
byompPr 3823.027 0.00 0.99961 21  2361.302
&Py 3838.882 15.86 0.00036 33 2352.469

onsant Pt 3844.174  21.15 0.00003 18 2388.574
b Py 3862.169 39.14 0.00000 50 2340.249
bt Psrt 3884.068 61.04 0.00000 66  2328.146

Notes: Model notations indicate variation in survival (¢)
and capture (p) probabilities by time (t), sex (s), or negligible
over time (constant). Models are ranked according to lowest
AIC, (Akaike Information Criterion). The best model is in
bold. Deviance is a relative measure of fit. AAIC, is the dif-
ferencein AIC, values between the given model and the mod-
el with the lowest AIC..
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TaBLE 3. Results of the Analysis of Deviance (ANODEV) testing the impact of the storm

covariate in explaining the variation.

Mean
Source df Deviance deviance F P
Uncorrected total 33 2388.574
Grand mean 18 2352.469
Corrected total 15 36.105
Total covariate 3 27.272 9.091 12.3501 0.0006
Error 12 8.833 0.736

an increase in the number of carcasses in the northwest
in years with large storms. Nonetheless, extensive salt
marshes dominate the coast, making it difficult to find
a stranded manatee on the coast or at sea without spe-
cially designed aerial surveys. Survival probability
only dropped from 0.97 to 0.94 in 1985 and to 0.91 in
1993. The drop in survival in 1995, the year of Hur-
ricane Opal, was larger (from 0.97 to 0.82), but given
the small size of the population, this would mean the
death of arelatively small number of individual s spread
over alarge area. Available evidence for emigration is
lacking as well. Photo-identification studies in south-
west Florida have reached a sustained effort only re-
cently and none are ongoing west of Florida, where
manatees are only rarely seen.

One, several, or al of the above mechanisms could
contribute to the observed decreases in survival. The
magnitude of impact to the population will vary with
the destructiveness of the storm, which depends on
storm intensity, size, speed of forward motion, prox-
imity to the coast, track direction relative to the coast,
and coastal and ocean bottom topography (Simpson and
Riehl 1981). Other factors can then exacerbate or ame-
liorate risk, such as density of manatees in the strike
area, the number of storms within a season, or coin-
cidence with other mortality factors. As atropical spe-
cies, one would expect that manatees would have
evolved behaviors to cope with violent tropical storms,
but Florida manatees, endangered and living at the
northern limit of their natural range, are subject to mul-
tiple sublethal stresses (e.g., injury and maiming from
boat collisions [O’Shea et al. 2001], cold weather
[Buergelt et al. 1984], variable winter refuges [Packard
et al. 1989], degraded feeding areas [Sargent et al.

1995]). These can have chronic and debilitating effects,
making individuals more vulnerable to storm death.

The implications for the conservation and sustain-
ability of the species are not trivial. If a major storm
struck in the fall or spring where manatees are amassed
near the winter aggregation sites, a significant segment
of the population could be killed. The ability of the
population to quickly recover would be impeded by its
small population size, long generation time, and low
reproductive rate. Catastrophic events can lead to pop-
ulation decline, greatly increasing the chance of ex-
tinction (Mangel and Tier 1994). Periodic smaller drops
in adult survival, such as those detected in this study,
lower the rate of population growth and slow recovery
(Eberhardt and O’ Shea 1995, Marmontel et al. 1997).
Furthermore, we have no reason to believe that sub-
adults and calves fared any better than adults during
the storms. Long-term studies of large terrestrial mam-
mals are providing evidence that immatures are most
adversely affected by harsh climatic conditions and that
changes in their numbers make the largest contribution
to changes in population growth rate (Gaillard et al.
2000, Coulson et al. 2001).

The potential destruction of feeding grounds by hur-
ricanes al so has bearing on sustainability of the species.
Past stormsin the southeastern U.S. have damaged both
seagrasses and freshwater aquatic plants through wave
action, sediment deposition, and changes in water sa-
linity (Eleuterius and Miller 1976, Mataraza et al.
1999). To date, there are no documented effectsto man-
atees from previous small-scale disturbances, but the
likelihood of large-scal e habitat destruction and its con-
sequences are clear from research in Australia on du-
gongs. Important seagrass communities can be severely

TABLE 4. Estimates of annual survival probabilities under the storm covariate model (dgom

P).
Major storms Lesser Estimate of

Years (Category 3 and 4) storms  survival 95% ci
1982-1984 (none) 0 0.972 0.961-0.980
1985 Hurricanes Elena and Kate 1 0.936 0.864-0.971
1986-1992 (none) 6 0.972 0.961-0.980
1993 ‘*Storm of the Century”’ 0 0.909 0.837-0.951
1994 (none) 2 0.972 0.961-0.980
1995 Hurricane Opal 3 0.817 0.735-0.878
1996-1998 (none) 4 0.972 0.961-0.980
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damaged by tropical storms (Preen et al. 1995, Poiner
and Peterken 1996), and although freshwater plants
may recover quickly (Mataraza et al. 1999), seagrasses
may take up to a decade or more to recover (Poiner
and Peterken 1996). Given the die-off of dugongs from
starvation after cyclone destruction (Preen and Marsh
1995), the same outcome to manatees under a similar
scenario is entirely plausible. Decreased reproduction
would also be likely given that emaciation would im-
pair the ability of reproductive females to bear healthy
calves.

Natural disasters cannot be deflected or managed to
the benefit of manatees, but human-related risks can
be managed. To insure the long-term viability of the
population in the face of episodic die-offs from hur-
ricanes, it becomes all the more important to control
and reduce the level of mortality and injury from boats
and other human causes, and theloss of foraging habitat
to coastal development. Conservative management in
favor of greater protection to manatees is warranted
until we have a clearer understanding of storm effects,
future threats, and the resiliency of the population.
Studies designed to monitor death, emigration, and re-
production after storms, to document manatee behavior
in response to storm forces, and to model various storm
attributes and storm frequency with impact to the pop-
ulation and habitat will be crucial. The FloridaManatee
Recovery Plan (U.S. Fish and Wildlife Service 2001)
has implemented recovery tasks to reduce human-re-
lated mortality and debilitating injury and to protect
manatee habitat. Nonetheless, more stringent regula-
tions may berequired to offset losses from natural caus-
es. Reclassification and delisting criteria also should
be reconsidered. Benchmarks of recovery based on data
and analyses from 20 yr of research in amild hurricane
cycle may not be adequate to meet challenges posed
with the new active cycle and long-term global climate
change.
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